We show that, within SO(10)-inspired leptogenesis, there exists a solution, with definite constraints on neutrino parameters, able simultaneously to reproduce the observed baryon asymmetry and to satisfy the conditions for the independence of the final asymmetry of the initial conditions (strong thermal leptogenesis). We find that the wash-out of a pre-existing asymmetry as large as O(0.1) requires: i) reactor mixing angle 2 • θ 13 20 • , in agreement with the experimental result θ 13 = 8 • − 10 • ; ii) atmospheric mixing angle 16 • θ 23 41 • , compatible only with current lowest experimentally allowed values; iii) Dirac phase in the range −π/2 δ π/5, with the bulk of the solutions around δ −π/5 and such that sign(J CP ) = −sign(η B ); iv) neutrino masses m i normally ordered; v) lightest neutrino mass in the range m 1 (15 − 25) meV, corresponding to i m i (85 − 105) meV; vi) neutrinoless double beta decay (0νββ) effective neutrino mass m ee 0.8 m 1 . All together this set of predictive constraints characterises the solution quite distinctively, representing a difficultly forgeable, fully testable, signature. In particular, the predictions m ee 0.8 m 1 15 meV can be tested by cosmological observations and (ultimately) by 0νββ experiments. We also discuss different interesting aspects of the solution such as theoretical uncertainties, stability under variation of the involved parameters, forms of the orthogonal and RH neutrino mixing matrices.
Introduction
Leptogenesis [1, 2] is a cosmological application of the see-saw mechanism [3] , successfully linking two seemingly independent experimental observations: the matter-antimatter asymmetry of the Universe and the neutrino (masses and mixing) parameters tested in low energy neutrino experiments. The matter-antimatter asymmetry can be expressed in terms of the baryon-to-photon number ratio, quite precisely and accurately determined by CMB observations, in particular from Planck (anisotropies plus lensing) data [4] η CM B B = (6.065 ± 0.090) × 10 −10 .
On quantitative grounds, the requirement of successful leptogenesis is nicely supported by neutrino oscillation experiments measuring the atmospheric and the solar neutrino mass scales within an optimal (order-of-magnitude) range [5] .
If one considers the so called vanilla scenario, where lepton flavour effects are neglected, a hierarchical RH neutrino spectrum is assumed and the asymmetry is dominantly produced by the lightest RH neutrinos, one obtains an upper bound on the neutrino masses m i 0.1 eV [6, 7] . As a sufficient (but not necessary) condition that guarantees the final asymmetry to be independent of the initial conditions (strong thermal leptogenesis), a lower bound m 1 0.001 eV on the lightest neutrino mass is also easily obtained. This neutrino mass window [8] is quite interesting since in this way one obtains (at least partially) a testable quantitative link between the matter-anti matter asymmetry and the absolute neutrino mass scale.
However, any attempt to derive further connections with the low energy neutrino parameters encounters serious difficulties, mainly for two reasons: the first is that, within the minimal picture, the right-handed (RH) neutrinos responsible for the generation of the asymmetry are too heavy to give any observational trace, except for the matteranti matter asymmetry itself; the second is that, by just combining the requirement of successful leptogenesis with low energy neutrino data, there is not a model independent way to over-constrain the see-saw parameter space obtaining testable predictions on future low energy neutrino results. In particular, the final asymmetry is completely independent of the parameters in the leptonic mixing matrix tested by neutrino oscillation experiments.
When lepton flavour effects are taken into account [9] , the final asymmetry does depend explicitly on the leptonic mixing matrix. This could raise the hope that leptogenesis can be tested with neutrino oscillations experiments. However, the final asymmetry generally still depends also on the high energy parameters, associated to the properties of the heavy RH neutrinos. It turns out that the observed value of the asymmetry can be attained for an arbitrary choice of the low energy neutrino parameters. As a consequence, inclusion of flavour effects does not lead to new model independent predictions or links with the low energy neutrino parameters. This remains true even within restricted scenarios such as the usual N 1 -dominated leptogenesis scenario [10] or the two RH neutrino scenario [11] .
Flavour effects have also an impact on the validity of the above mentioned neutrino mass window and in particular of the lower bound m 1 10 −3 eV, originating from an intriguing conspiracy between the measured atmospheric and solar neutrino mass scales and the condition of successful strong thermal leptogenesis. This is because, when flavour effects are considered, it is much easier for a pre-existing asymmetry to escape the RH neutrino wash-out [12] . A solution to the requirement of successful strong thermal leptogenesis still exists, but the conditions for its realisation become seemingly quite special. First of all they imply a tauon N 2 -dominated scenario, where the final asymmetry is produced by the next-to-lightest RH neutrinos in the two flavour regime, implying 10 12 GeV M 2 10 9 GeV, dominantly in the tauon flavour and where the lightest RH neutrino mass M 1 10 9 GeV. In addition, there are a few further conditions on the flavoured decay parameters that apparently make the whole set very difficult to be realised in realistic models. Therefore, the inclusion of flavour effects makes much more difficult to satisfy the strong thermal condition.
On the other hand, there are some phenomenologically significant implications of flavour effects. For example, it is interesting that under some conditions on the RH neutrino masses, the same source of CP violation that could give effects in neutrino oscillations, would also be sufficient to explain the observed matter-anti matter asymmetry within the N 1 -dominated scenario [13, 14, 15] . After the recent discovery of a non-vanishing θ 13 in long baseline and reactor experiments [16] and subsequent global analyses [17, 18, 19 ] finding 8
• < θ 13 < 10
this scenario would be viable if | sin δ| 1 and M 1 10 11 GeV. Though the realisation of successful Dirac phase leptogenesis is not motivated within a precise theoretical framework, this scenario could still emerge as an approximated case within some proposed models such as, for example, minimum flavour violation [20] and two RH neutrino models [13, 21] . Therefore, in this respect, it will be rather interesting to determine the value of the Dirac phase during the next years.
Another important consequence of flavour effects is that the N 2 -dominated scenario [22] applies for a much wider region of the parameter space. This is because the N 2 produced asymmetry can more easily escape the lightest RH neutrino (N 1 ) wash-out [23] and reproduce the observed asymmetry [5] . An important application of this effect is that it rescues [24] the so called SO(10)-inspired leptogenesis scenario [25, 26, 27, 28, 29] . This scenario corresponds to a very well theoretically motivated set of (SO(10)-inspired) conditions that over-constrains the see-saw parameter space. In this way the final asymmetry becomes much more sensitive to the low energy neutrino parameters than in the general case. Within an unflavoured description, the final asymmetry is dominated by the lightest RH neutrino contribution. However, in the light of the current neutrino oscillations data, the RH neutrino mass spectrum turns out to be typically highly hierarchical with the lightest RH neutrino mass M 1 10 9 GeV [26, 27, 28, 29] , well below the lower bound for successful leptogenesis [30] . This result is quite stable under a precise definition of the SO(10)-inspired conditions. It just holds barring very fine tuned choices of the parameters around 'crossing-level' solutions where RH neutrino masses are quasidegenerate [29] , CP asymmetries get resonantly enhanced [31] and successful leptogenesis can be attained [32] . On the other hand, when flavour effects are taken into account, the asymmetry produced by the N 2 decays can reproduce the observed asymmetry. Therefore, SO(10)-inspired leptogenesis is rescued by a thorough account of lepton and heavy neutrino flavour effects and it becomes viable [24] if some interesting constraints on the low energy neutrino parameters are satisfied [33] . In particular, a lower bound on the lightest neutrino mass, m 1 0.001 eV, holds. Moreover inverted ordered neutrino masses are only marginally allowed.
1
There is, however, also another interesting feature of SO(10)-inspired leptogenesis [33] : it is potentially able to satisfy the strong thermal condition, since it indeed naturally realises the above mentioned tauon N 2 -dominated scenario.
In this paper we investigate in detail this potential feature of SO(10)-inspired models to realise successful strong thermal leptogenesis and we indeed show that there exists a subset of the solutions leading to successful SO(10)-inspired leptogenesis that also satisfies the strong thermal condition. We show that this novel solution realising strong thermal condition within SO(10)-inspired leptogenesis, implies quite sharp and distinctive constraints on the low energy neutrino parameters, in particular on the neutrino masses. Interestingly, these non-trivially overlap with current experimental constraints and, as we discuss, they can be fully tested by future experiments.
The paper is organised as follows. In section 2 we introduce the notation and review the status of low energy neutrino experimental results. In Section 3 we briefly review the set up for SO(10)-inspired leptogenesis, verifying the results obtained in [33] and presenting new improved scatter plots that strengthen the conclusions of [33] and reveal some new interesting features. In Section 4 we briefly review and motivate the conditions for successful strong thermal leptogenesis. In Section 5, the central section of the paper, we combine strong thermal and SO(10)-inspired conditions and show the existence of a solution implying predictive constraints on neutrino parameters, briefly discussing the prospects to test them in next years. In Section 6 we discuss different aspects of this new solution such as theoretical uncertainties, stability under variation of the involved parameters, corresponding forms of the orhtogonal and RH neutrino mixing matrices. Finally, in Section 7, we draw the conclusions.
2 See-saw mechanism and low energy neutrino data Adding three RH neutrinos to the standard model Lagrangian, one per each generation as predicted by SO(10) models, with Yukawa coupling h and a Majorana mass term M , a neutrino Dirac mass term m D = h v is generated by the vacuum expectation value v of the Higgs boson, like for the other massive fermions and in particular for the charged leptons with Dirac mass matrix m . In this way, in the basis where charged lepton and right-handed neutrino mass matrices are diagonal, their lagrangian mass terms can be written as (α = e, µ, τ and i = 1, 2, 3)
where
In the see-saw limit, for M m D , the spectrum of neutrino mass eigenstates splits into a very heavy set, N i N iR + N The atmospheric mixing angle θ 23 , is now favoured by MINOS results to be nonmaximal [36] . This is also confirmed by global analyses [17, 18, 19] • is found for NO. Certainly more data are needed for a robust determination of the octant. As we will see in Section 5, our solution will give quite a clear prediction on this point. It will also prove useful to introduce the so called orthogonal (or Casas-Ibarra) parametrisation [37] . The see-saw formula eq. (4) can be recast as an orthogonality condition for a matrix Ω. Through Ω the neutrino Dirac mass matrix can be expressed as
The Ω matrix contains 6 independent high energy parameters encoding the properties of the 3 RH neutrinos (e.g. the 3 lifetimes and the 3 total CP asymmetries) and it is quite useful not only to express the different relevant quantities for the calculation of the asymmetry, and for this reason we will employ it as an intermediate step for the calculation of the asymmetry, but also to characterise see-saw neutrino models.
SO(10)-inspired leptogenesis
As we discussed in the introduction, without imposing any condition on the nine high energy parameters, the baryon asymmetry has in general to be calculated taking into account both lepton and heavy neutrino flavour effects and the calculation should proceed through the solution of a set of density matrix equations [39, 9, 41] . The condition of successful leptogenesis, η
, places an upper bound on the neutrino masses, m 1 0.12 eV [6, 40, 7] , holding in the case of N 1 -dominated leptogenesis and in the one-flavour regime, for M 1 10
12 GeV. This is the only existing model independent link between leptogenesis and low energy neutrino data.
General setup
Now let us see how, by imposing SO(10)-inspired conditions and barring fine-tuned crossing level solutions [29] , a RH neutrino mass pattern implying a N 2 -dominated leptogenesis scenario necessarily emerges, where the calculation of the asymmetry reduces to a simple analytical expression and the successful leptogenesis bound implies constraints on all low energy neutrino parameters [33] . The neutrino Dirac mass matrix can be diagonalised by a bi-unitary transformation
The unitary matrix V L acts on the left-handed neutrino fields operating the transformation from the weak basis to the Yukawa basis. It is the analogous of the CKM matrix in the quark sector, operating the transformation from the down to the up quark mass basis.
Inserting the bi-unitary parameterisation for m D into the diagonalised see-saw formula eq. (6), one can see that U R diagonalises the matrix
explicitly
3 This expression shows that the RH neutrino mass spectrum, and the matrix U R , can be expressed in terms of the low energy neutrino parameters, of the three eigenvalues of m D and of the six parameters in V L , explicitly
, where the three α k are the ratios of the Dirac mass matrix eigenvalues to the three up quark masses, explicitly
Notice that so far we have not yet restricted the see-saw parameters space, we have just simply introduced a sort of hybrid parameterisation where, compared to the orthogonal parameterisation (cf. eq. (53)), the nine parameters (M i , Ω) are replaced by (α k , V L ) or compared to the bi-unitary parameterisation the nine high energy parameters (M i , U R ) are replaced by (m j , U ), i.e. by the nine testable low energy neutrino parameters in m ν . We now define SO(10)-inspired models those respecting the following set of three (working) assumptions:
• The matrix V L is restricted within the range I ≤ V L ≤ V CKM , i.e. the three mixing angles in V L are not larger than the corresponding three mixing angles in the CKM matrix. This is the most important (i.e. restrictive) condition.
• We assume α i = O(1).
• We bar regions in the space of parameters around crossing level solutions, where at least two RH neutrino masses are non-hierarchical, more specifically we impose
The last condition, of a hierarchical RH neutrino spectrum, is not restrictive at all. This is because the conditions to realise crossing level solutions for the RH neutrino mass spectra are very fine tuned [29] , especially when the successful leptogenesis bound is imposed. The reason is simple: at the level crossings, the CP asymmetries are resonantly enhanced and span many orders of magnitude. Consequently, the baryon asymmetry is very sensitive to tiny variations of the parameters that have to be highly fine tuned in order for the successful leptogenesis condition, η
, to be satisfied (as an example of a scenario realising a crossing level solution see [38] ).
Under these conditions, and given the current low energy neutrino data, the RH neutrino mass spectrum is hierarchical and of the form [28, 24] 
In particular, from the second working assumption and given the current low energy neutrino data, it follows that M 1 10 9 GeV while M 2 10 9 GeV. It also follows that all the heaviest RH neutrino (N 3 ) CP asymmetries are strongly suppressed. In this way the only contribution able to explain the observed asymmetry is that one from next-tolightest RH neutrino (N 2 ) decays. Therefore, the only possibility to satisfy the successful leptogenesis bound is within a N 2 -dominated scenario. Assuming a thermal scenario, this necessarily requires that the reheating temperature T RH ∼ M 2 . The baryon asymmetry can then be calculated in a double stage, taking into account first the production and wash-out from the N 2 's at T ∼ M 2 and then the lightest RH neutrino wash-out at T ∼ M 1 . Let us introduce some standard quantities in leptogenesis. The flavoured decay parameters K iα are defined as
where the Γ iα 's and theΓ iα 's can be identified with the zero temperature limit of the flavoured decay rates into α leptons, Γ(N i → φ † l α ), and anti-leptons, Γ(N i → φl α ) in a three-flavoured regime, where lepton quantum states can be treated as an incoherent mixture of the three flavour components. The equilibrium neutrino mass m is defined as 
We can also conveniently define ε 2τ ⊥ ≡ ε 2e +ε 2µ and K 2τ ⊥ ≡ K 2e +K 2µ , where τ ⊥ indicates a τ orthogonal flavour component that is a coherent superposition of electron and muon components, in this specific case those ones of the leptons 2 produced in the N 2 decays. In this way the final asymmetry in the N 2 -dominated scenario can be calculated using quite simple expressions [23, 5, 33] . For M 2 10 12 GeV, so that the N 2 production occurs in the two-flavour regime, the final asymmetry can be calculated as
where we are calculating abundances in a portion of co-moving volume containing one RH neutrino in ultra-relativistic thermal equilibrium (so that N eq N i (T M i ) = 1). On the other hand for M 2 10 12 GeV the production occurs in the one-flavour regime and in this case one can use
These are the expressions for the final asymmetry that we adopt in our calculation. In the end, however, the case M 2 10 12 GeV, will prove to be not particularly significant.
Finally, the baryon-to-photon number ratio from leptogenesis can be calculated simply using
accounting for sphaleron conversion and photon dilution. It is important to notice that η B does not depend on α 1 and α 3 [24] . This reduction of the number of parameters in the final asymmetry is a key point for the see-saw parameter space to be over-constrained by the condition of successful leptogenesis, thus resulting into constraints on the low energy neutrino data that allow the scenario to be testable. • We are neglecting phantom terms [42, 41] .
• We are neglecting flavour coupling [42] .
• We are neglecting the running of neutrino parameters [43] inserting directly, into the expression for the final asymmetry, the results from low energy neutrino experiments.
• We are neglecting momentum dependence.
We will shortly discuss the potential impact of these approximations in Section 6, concluding that actually they work quite well.
Constraints on neutrino parameters from scatter plots
Let us now present the constraints on neutrino parameters obtained imposing the leptogenesis bound, η
, SO(10)-inspired conditions and assuming vanishing initial asymmetries and N 2 -abundance. We have fixed α 2 = 5. This can be considered a realistic close-to-maximum value yielding conservative results, considering that M 2 ∝ α 12 Gev).
The asymmetry η lep B is calculated for differently randomly (and uniformly) generated points in a region of the parameter space obeying the SO(10)-inspired condition on the unitary matrix V L (cf. eq. (12)). The unitary matrix V L is parameterised exactly as the leptonic mixing matrix U (cf. eq. (9)) and, therefore, in terms of three mixing angles
The three mixing angles are randomly scanned within the ranges 0 ≤ θ Let us now describe the ranges adopted for the mixing angles. In order to compare our results with those previously obtained in [33] , we still adopt the old θ 13 (2σ) range, 0 ≤ θ 13 ≤ 11.5
• ,
mainly determined by the CHOOZ upper bound [44] . However, in all plots, we also highlight the current experimentally allowed much narrower range (cf. eq. (2)).
Also for the solar mixing angle we will continue, in the scatter plots, to adopt the same 2σ range as in [33] from [45] ,
just slightly larger than the above mentioned 2σ range from current global analyses. Finally, for the atmospheric mixing angle we conservatively adopt the range
Compared to the range used in [33] (38.5
• < θ 23 < 52.5
• ) [45] this is enlarged at low values taking into account, as previously discussed, that MINOS results [36] and one of the global analyses [17] find now that values well lower than 38.5
• are allowed. In particular, the MINOS collaboration find that values as low as 35
• are allowed at about 2σ. The Dirac phase and the two Majorana phases are simply varied within [0, 2π]. Finally, the atmospheric and solar neutrino mass scales are fixed to their best fit values (cf. eq. (7)) since the experimental errors are sufficiently small that the final asymmetry is not sensitive to them. Therefore, the parameter scan is made in a 13-dim parameter space: the 6 parameters in V L plus the 6 parameters in U plus the lightest neutrino mass m 1 . We are clearly particularly interested in determining testable constraints on the 7-dim low energy neutrino parameter space. In Fig. 1 we show, imposing 4 M 3 /M 2 > 10, the results as projections of the allowed regions on the most significant two low energy neutrino parameter planes for NO. Since we show projections on planes it is sufficient to impose η We do not show results for IO since in Section 5 we will point out that IO is incompatible with the strong thermal condition, our main focus in this paper.
Notice that the ranges for the mixing angles shown in the plots are exactly those adopted in the scatter plots (cf. eqs. (33), (34) and (35)). We find a perfect agreement with the results of [33] (another reason not to show again the results for IO). However, due to an improved computing procedure, we could generate hundred times higher number of points. In this way the borders of the allowed regions are very sharply determined, as it can be noticed from the figure. We fully confirm and strengthen all results found in [33] (we recall that all constraints are obtained for α 2 = 5). Let us highlight some of the main features of the found solutions.
Existence of three types of solutions
We confirm that there are only three types of solutions leading to successful SO(10)-inspired leptogenesis [24, 33] . We will refer to them as τ A , τ B and µ-type solutions: the τ A and τ B types being characterised by K 1τ 1, implying a tauon-flavour dominant contribution to the final asymmetry, while the µ-type being characterised by K 1µ 1 and, therefore, muon dominated. These three types result respectively into three sets of (partly overlapping) allowed regions, that are now, in our new analysis, quite clearly distinguishable in two of the plots in • the three types correspond to well distinguished (non-overlapping) allowed regions.
In Figure 2 we plot, versus m 1 , different relevant quantities associated to the three specific sets of parameters specified in the figure caption and realising the three different types: the left panels refer to a τ A -type solution, the central panels to a τ B -type solution and the right panels to a µ-type solution. In the bottom panels we plot the contributions to the final asymmetry η B from the three different flavours and it can be seen how indeed the τ A and the τ B -type solutions are tauon-dominated while the µ-type solution is muon dominated. It can be also noticed how the τ A -type is characterised by K 2τ 1 and K 1e 1 for m 1 10 meV, while K 1e 1 for m 1 10 meV. On the other hand the τ Btype is characterised by K 1e 1 for any value of m 1 while 1 K 2τ 20. These features will be relevant when we will impose the strong thermal condition in order to understand what kind of subset of the solutions satisfy also this additional important property. Let us now discuss the main features of the constraints on the low energy neutrino parameters in the light of these new results resulting from a much higher amount of solutions (about two orders of magnitude) compared to the previous ones obtained in [33] .
Lower bound on m 1
First of all we confirm the existence of a lower bound m 1 5 × 10 −4 eV. This can be considered quite a conservative and robust lower bound from SO(10)-inspired leptogenesis. (33), (34) and (35) 
, corresponding respectively to τ A , τ B and µ-type solutions. The long-dashed red lines correspond to α = τ , the dashed blue lines to α = µ and the short-dashed dark yellow lines to α = e. For all three cases (α 1 , α 2 , α 3 ) = (1, 5, 1), though notice that, except for the three RH neutrino masses, all quantities are independent of α 1 and α 3 .
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The origin of this lower bound is due to the fact that for m 1 10 −3 eV one has M 3 10 15 GeV and consequently all the N 2 CP asymmetries get suppressed [24, 33] . A new feature, that is interesting to notice in the light of the θ 13 measurement, opening prospects for a measurement of the Dirac phase δ, is that the lower bound on m 1 depends on δ and in particular the lowest value, m 1 5×10 −4 eV, is saturated for δ 0, while for |δ| π/2, as very weakly supported by current global analyses, one has m 1 10 −3 eV. Therefore, in these models, a determination of δ shows an interesting interplay with absolute neutrino mass scale experiments.
Upper bound on θ 23 for quasi-degenerate neutrinos
Another interesting constraint of this scenario, found in [33] and confirmed by our analysis, is the existence of an upper bound on θ 23 for sufficiently large values of m 1 , the µ type region. Our new results confirm this constraint as well. This is now determined quite accurately and precisely: θ 23 48
• for m 1 60 meV. It should be noticed that the new upper bound from Planck data (cf. eq. (8)) now basically almost completely rules out this µ type region at high m 1 values.
Majorana phases
As it can be seen in the lower central panel of Fig. 1 , the Majorana phases cannot have arbitrary values but there are some quite large excluded regions. Our results for α 2 = 5 are fully compatible with the results found in [33] . In [33] results were found for α 2 = 4, 5 and showed that the Majorana phases tend to cluster dominantly around disconnected regions for values ρ (n + 1/2) π and σ n π and sub-dominantly around regions for ρ, σ n π. Now, since we have found a much greater amount of solutions, the regions are sharply determined and for α 2 = 5 the allowed regions are connected. However, the bulk of points still falls around the same values found in [33] . The differences are then just simply to be ascribed to the much higher number of determined points.
Dirac phase and J CP
The results for the Dirac phase and for the Jarlskog invariant,
do not show any constraint and, in particular, no preference for the sign. Compared to the results found in [33] we have just found a trivial bug in the plot of J CP vs. θ 13 shown in [33] where θ 13 was displayed for θ 13 11.5
• in radians instead of degrees as indicated. • ] since the addition of a Majorana mass term with three RH neutrinos introduces potentially a sign sensitivity (differently from neutrino oscillations probabilities). In our case since the asymmetry is generated by just one RH neutrino there is no sign sensitivity and the regions at negative values just mirror those at positive values.
Are the low energy neutrino data pointing in the right direction?
A particularly interesting test was performed in [33] . The allowed regions for the low energy neutrino parameters were also determined without imposing any restriction from low energy neutrino experiments. In this way one can test how predictive the scenario is and whether the agreement with current experimental data is particularly significant. We have repeated this test and the results are shown in Fig. 3 . Also in this case we confirm the results of [33] . The huge amount of points now clearly determines the existence of excluded regions. However, the allowed (yellow) regions cover a large portion of the parameter space and, therefore, the test is not particularly statistically significant. In other words, neutrino data could have already ruled out SO(10)-inspired leptogenesis, but the probability that they just by chance fall within the SO(10) allowed regions is too high to draw any statistically significant conclusion. Indeed, if one looks at the mixing angles, one could say that there was roughly just a 50% probability that the data could exclude SO(10)-inspired leptogenesis. As we will see, the situation drastically changes when the strong thermal leptogenesis condition is further imposed.
The strong thermal leptogenesis condition
We have so far assumed that the observed asymmetry is entirely generated by leptogenesis. However, there are other possible external mechanisms, such as gravitational baryogenesis [47] and Affleck-Dine baryogenesis [48] , able to generate an asymmetry prior the onset of leptogenesis. In particular, so called grand unified baryogenesis models [49] , are particularly relevant within our context, since this would be quite a natural and extensively studied possibility arising just within grand unified SO(10) models inspiring the scenario we are discussing. Moreover they are particularly well motivated considering the large initial temperatures required by minimal thermal leptogenesis (though a non-thermal production would be also plausible).
These potential sources would compete with leptogenesis and in general, at the large initial reheat temperature required by (minimal) thermal leptogenesis and in particular by SO(10)-inspired leptogenesis, T RH 10 11 GeV, they would typically produce a preexisting asymmetry well above the observed one, up to values O(0.1).
Clearly one possibility would be to assume that at the end of the inflationary stage any asymmetry was completely erased and that no mechanism had efficiently produced a pre-existing asymmetry prior the onset of leptogenesis. However, it would be quite attractive, and the constraints on low energy neutrino parameters much more significant, if the same processes involving RH neutrinos could wash-out any pre-existing asymmetry and at the same time produce a final value of the asymmetry independent of the initial RH neutrino abundances (strong thermal leptogenesis condition). This would be an analogous situation compared to what happens in Standard Big Bang Nucleosynthesis.
Let us translate this request in quantitative terms. In the presence of an initial pre-existing asymmetry, the predicted value of the final B − L asymmetry would be in general the sum of the residual value of the pre-existing asymmetry, N p,f B−L , plus the genuine leptogenesis contribution from RH neutrino decays, N lep,f B−L , or, in terms of the baryon-tophoton number ratio at the present time,
where η [12] |η
Within the simple vanilla leptogenesis scenario, where the asymmetry is N 1 -dominated and flavour effects are neglected, the relic value of the pre-existing B − L asymmetry is simply given by [1, 8 ]
Considering the relation eq. (32) between N f B−L and η B , it is, therefore, simply sufficient to impose
B−L to enforce the strong thermal leptogenesis condition. When flavour effects are taken into account, and considering hierarchical RH neutrino mass patterns, as we are considering within SO(10)-inspired models, strong thermal leptogenesis can be realised only within a tauon-dominated N 2 -dominated scenario where the dominant contribution to the asymmetry is in the tauon flavour [12] . This is because, if M 2 10 12 GeV, the tauon components of the lepton and anti-lepton quantum states can be measured before the asymmetry is produced by the N 2 -decays. In this way the τ component of the pre-existing asymmetry can be washed-out by the N 2 inverse processes if K 2τ 1, and at the same time a new tauon component can be afterwards generated by the out-of-equilibrium N 2 decays. On the other hand, for a generic model, the e and the µ components can be fully washed out only in the three-flavour regime by the N 1 wash-out, i.e. after the N 2 leptogenesis, so that they cannot be afterwards regenerated contributing to η lep B . As we have seen, the tauon dominance condition is naturally satisfied by two of the three types of solutions found in SO(10)-inspired leptogenesis. 6 This, therefore, repre-6 Notice that this does not happen by chance. Since one assumes the hierarchy of neutrino Yukawa couplings like for up quarks (and similarly for the charge leptons) Yukawa couplings, the fact that the tauon flavour component is the first to become incoherent at T 10 12 GeV, the reason why one needs a tauon N 2 -dominated scenario to satisfy the strong thermal condition, reflects typically into a dominant tauon CP asymmetry (∝ α 2 sents quite a well motivated theoretical framework that is a potential candidate to realise successful strong thermal leptogenesis . The request of the successful strong thermal condition, however, goes beyond the tauon dominance since it also requires quite restrictive additional conditions onto the flavoured decay parameters. These additional conditions can be fully understood calculating explicitly the residual value of the pre-existing asymmetry.
First of all, we can safely assume that the heaviest RH neutrinos are too heavy to be thermally produced and, therefore, they do not contribute to the wash-out of the preexisting asymmetry. This is clearly a conservative assumption since the presence of the heaviest RH neutrino can only introduce an additional wash-out stage of the pre-existing asymmetry. However, it should be taken into account that, since M 3 10 12 GeV the N 3
wash-out acts on a 3 flavour direction and, therefore, it is in general not really helpful in washing out the pre-existing asymmetry, not even along the τ direction [12] . For this reason an inclusion of such a wash-out would not have in any case any impact on the constraints we will find. Therefore, if a pre-existing asymmetry is generated at T ≥ T ext B
by some external mechanism, at a later stage, for temperatures
For temperatures 10 12 GeV T M 2 , because of the the fast tauon lepton interactions, the quantum lepton states become an incoherent admixture of a tauon component and of a τ orthogonal component τ ⊥ . The initial pre-existing asymmetry can then be regarded as the sum of two components
related to the total pre-existing asymmetry simply by
where p 0 pτ is the tree-level probability of pre-existing leptons to be in the tauon flavour. In principle, there could be differences in the pre-existing lepton-antilepton flavour compositions and these would translate into additional opposite contributions to the flavoured asymmetries, the so called phantom terms, that, however we can simply neglect in order to simplify the notation. We will point out in the end that all results are valid also in the presence of these additional terms.
For temperatures T ∼ M 2 the N 2 processes at the same time will generate a contribution to N lep B−L and wash-out the pre-existing flavoured asymmetries. However, these processes cannot wash-out the component τ ⊥ 2 ⊥ of the pre-existing asymmetry, i.e. the projection on the e − µ plane orthogonal to the heavy neutrino lepton flavour 2 . At the end of this stage, at T T B2 M 2 /z B2 , the residual values of the pre-existing asymmetries will be then given by three components,
At temperatures T ∼ 10 9 GeV, also muon lepton interactions become effective, breaking the residual coherence of the e−µ lepton components in way that in the range 10 9 GeV T M 1 the total asymmetry can be regarded as the sum of three charged lepton flavour components
and where the probabilities p 0 ατ ⊥ 2 are unambiguously expressed in terms of the decay parameters,
analogously for p 0 µτ ⊥
2
. These expressions now clearly show that the tauon component is the only component of the pre-existing asymmetry that can be completely washed-out by the N 2 wash-out processes.
Finally, at temperatures T ∼ M 1 , the lightest RH neutrino wash-out processes act on the flavoured asymmetries in a way that the relic values of the pre-existing asymmetries flavoured components are given by
The most reasonable assumption for the flavour composition of the pre-existing asymmetry is that p 0 pα 1/3, equivalent to assume that the source is flavour blind. In any case, as we will comment, the results are basically insensitive to specific choices, unless one select special values corresponding, for example, to a pre-existing asymmetry entirely in one specific charged lepton flavour. In this special case it would be much easier to wash-out the pre-existing asymmetry but on the other hand this would be analogous to assuming a vanishing initial asymmetry, while we are interested in finding the general conditions for the independence of the initial conditions. We have, therefore, set p 0 pα = O(0.1). The expression eq. (47) now explicitly shows that, in order for successful strong thermal leptogenesis to be realised, the final asymmetry has to be necessarily tauon dominated. This is because only in the tauon flavour the wash-out of the pre-existing asymmetry by the N 2 inverse processes at T ∼ M 2 for K 2τ 1 does not prevent that a genuine leptogenesis contribution is afterwards generated by the same N 2 decays at T T B2 M 2 , surviving until the present time for K 1τ
1. On the other hand the electron and muon components of the pre-existing asymmetries can be only fully washed-out by the N 1 wash-out processes at T ∼ M 1 for K 1e , K 1µ 1. 7 However, this unavoidably implies that together also the electron and muon leptogenesis contribution from N 2 decays is washed-out, while the N 1 decays are ineffective in generating a sizeable asymmetry. In this way the final asymmetry has necessarily to be tauon dominated. Therefore, the full set of conditions on the flavoured decay parameters can be summarised as [12] K
with the precise values depending on the precise assumed values of N p,i B−L . The same set of conditions is sufficient also if one relaxes the assumption that the preexisting leptons and anti-leptons quantum states are not CP conjugated of each other. In this case the only difference is that in the three-flavour regime one would have additional contributions to N p,f ∆α with α = e, µ in the eq. (47) inside the squared brackets, that are anyway washed out when K 1e , K 1µ 1.
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In the next Section we will see how this seemingly quite restrictive set of conditions (cf. eq. (48)) can be indeed realised within SO(10) inspired leptogenesis, translating into quite 7 There is a caveat: this conclusion does not hold for fine tuned models where the 2 tauon orthogonal component is purely electronic or muonic with huge precision such that 1 − p 0 ατ ⊥ 2 0 (α = e or µ). These models would effectively correspond to two-flavour models. In any case this special situation is not realised in SO(10)-inspired models under consideration. 8 Notice that in the presence of phantom terms in the pre-existing asymmetry the caveat pointed out in footnote 4 does not apply.
an interesting set of constraints on the low energy neutrino parameters, sharp enough to be regarded as a quite distinctive signature of the scenario. Before concluding this section, we would just like to make a brief comment on the possible existence of a source of baryogenesis posterior to leptogenesis. In this case there is clearly no condition that can be imposed for its wash-out. Simply there should be no experimental evidence for new physics supporting an alternative mechanism of baryogenesis. While a pre-existing asymmetry would be difficultly testable, a posterior production is more likely to be testable. In this case baryogenesis would occur in a post-inflationary stage during the standard radiation regime. Basically the only realistic known source to be competitive with leptogenesis would come from some realisation of electroweak baryogenesis typically requiring some extension of the Standard Model testable at colliders. If some signal of new physics will be found, it would then become important to constraint such a possibility for an alternative production of the asymmetry after leptogenesis. Since the LHC has not provided evidence for new physics so far, we do not have to worry of any additional condition to be imposed. (10)-inspired leptogenesis (the yellow points). In some cases they introduce such strong and definite constraints on the low energy neutrino parameters that these can be regarded as sharp distinctive predictions. Let us briefly describe these constraints.
IO is excluded
Even though by imposing SO(10) inspired conditions one still finds some marginal allowed regions for IO [33] , when the strong thermal condition is further imposed, no solution is found and for this reason we do not show any result for IO in the paper.
Neutrino masses
The solutions are found for quite a restricted range of values for the lightest neutrino mass given by m 1
This range translates into corresponding ranges for m 2 , m 3 and i m i given in Table  1 . The found solution corresponds to NO semi-hierarchical neutrinos, with the heaviest neutrino about three times heavier than the two quasi-degenerate lightest ones.
Reactor mixing angle
As one can see from the upper central panel, the bulk of the solutions nicely fall within the range now measured by reactor experiments (cf. eq. (2) 
Atmospheric mixing angle
The strong thermal condition cannot be realised 
Majorana phases
The allowed regions for the Majorana phases close up around special values. There are two different kinds of regions: four centred around (σ, ρ) = (0.8 + n, 1.25 + n) π, with n = 0, 1 and four centred around (σ, ρ) = (0.7 + n, 0.75 + n) π, with n = 0, 1. These regions are not perfectly coincident to those obtained without imposing the strong thermal condition for α 2 = 4 [33] . This shows that they shrink not just around the values that maximise the asymmetry irrespectively of the strong thermal condition, but that the strong thermal condition influences the values of the Majorana phases.
0νββ effective neutrino mass m ee
From the calculation of the effective 0νββ effective neutrino mass, m ee = | i m i U 2 ei |, we find that this is quite sharply related to the lightest neutrino mass, and just slightly lower, approximately m ee 0.8 m 1 . This is clearly an effect of the quite restricted range of allowed values for the Majorana phases. We will be back on this point when we will discuss the experimental implications of the solution. The allowed range of values for m ee is indicated in the last column of table 1.
Dirac phase and CP violation
Very interestingly, having now imposed the strong thermal condition, the Dirac phase and J CP show a preference for negative values. In particular, within the measured range for θ 13 (cf. eq. (2) There is also a sub-dominant region for |δ|/π 0.9 -1. However, this marginal region exists only for θ 23 
36
• . This can be seen from a plot δ vs. θ 23 that we are not showing in Fig. 1 but we are showing it in Fig. 4 (right panel) for an extended range of θ 23 but, as discussed, for a reduced data set. As one can see, values δ π are found even only for θ 23 
35
• . This is interesting interplay between δ and θ 23 .
Summary
We summarise in Table 2 the main features of the solution sorted according to a possible chronological order of their experimental test. The first line is the lower bound on the reactor neutrino mixing angle that has been already successfully tested. Table 2 : Summary of the set of conditions on low energy neutrino data from SO(10)-inspired strong thermal leptogenesis imposing the wash-out of a pre-existing asymmetry as large as 10 −1 and 10 −2 .
Constraints on flavour decay parameters
The natural parameter of leptogenesis are the nine flavoured asymmetries ε iα and the nine flavour decay parameters K iα . As we have seen these can be re-expressed in terms of the nine parameters in the low energy neutrino matrix and of the nine theoretical parameters, six to describe the V L and the three eigenvalues of the neutrino Dirac mass matrix. In order to have a useful insight on the constraints on the low energy neutrino parameters discussed in the previous subsection, we show in Fig. 5 plots of the flavour decay parameters K 1α . In this way we can see what are the values of the relevant flavour decay parameters that realise the strong thermal condition. These plots confirm that the solution we have found realises the conditions eq. (48). Let us discuss them in more detail. In the lower panels of Fig. 5 we have plotted the flavour decay parameters K 1α versus each other. These panels clearly confirm that the conditions eq. (48) are indeed fulfilled. It is in particular interesting to notice how the two conditions K 1e , K 1µ 1 are satisfied only for the particular subset of the region realising SO(10)-inspired leptogenesis.
Looking at the panels where the K 1α 's are plotted versus m 1 , one can see that the condition K 1e 1 can only be satisfied for m 1 10 −3 eV, while the condition K 1µ 1 can only be satisfied for m 1 0.1 eV. In addition the plot K 2τ vs. m 1 , in the bottom right panel, shows that K 2τ 1 implies m 1 30 meV, further restricting the upper bound on m 1 . In this respect, notice that in that panel one has not to consider the region extending at K 2τ 100 and m 1 larger than 0.1 eV, since this corresponds to the muon type solutions. Therefore, the quite narrow range of values of m 1 realising successful strong SO(10) inspired leptogenesis is a consequence of the dependence of the relevant K iα on m 1 in combination with the strong thermal conditions.
Link between the sign of the asymmetry and the sign of CP violation
The results for the Dirac phase δ and for J CP , showing an asymmetry between positive and negative sign values with negative values clearly favoured, are quite interesting and motivate an understanding of their origin. The only physical quantity that can favour one sign compared to the other is the same positive sign of the observed matter-antimatter asymmetry. Therefore, we performed a simple check, working out again the constraints on δ and on J CP but this time imposing η 
Are low energy neutrino data pointing in the right direction?
We repeated the same test as in the case of SO (10)-inspired leptogenesis finding the constraints on low energy neutrino parameters without any restriction from low energy neutrino experiments. The results are shown in the same Fig. 3 . The allowed regions (red, green and blu points) are again subsets of those obtained without imposing the strong thermal condition (yellow points). This time the allowed regions represent a much smaller fraction compared to the whole parameter space and, therefore, an agreement with experimental data would be much more statistically significant. Let us briefly discuss these results focusing first on the upper panels showing the allowed regions for the mixing angles versus m 1 . First of all one can again notice that for negative values of the mixing angles one obtains mirrored regions. Let us then concentrate on positive values of the mixing angles.
One can see that there are two well distinguished allowed regions: a much larger one for 10 −4 eV m 1 10 −2 eV and a smaller one for 10
Both regions are compatible with the measured value of the solar mixing angle but whilst the first one, at small m 1 , would require unacceptably large values of θ 23 and θ 13 , the second one, for large m 1 , is perfectly compatible with the measured value of θ 13 but only with the lowest experimentally allowed range of values of θ 23 , i.e. for θ 23 
41
• .
It is interesting that, just within the three mixing angles parameter space, the fraction occupied by the allowed regions is lower than ∼ 10%. It should be also added that IO is excluded even in this case. If one also takes into account the allowed values for m 1 , we can say that the chance to hit randomly both the allowed regions, for a logarithmic scan of m 1 between 10 −5 and 0.1 eV, can be quantified to be about 1%. If one considers that the Majorana phases further restrict the values of m ee compared to the general case (see in the bottom left panel in Fig. 1) , one arrives to a probability lower than 0.2%. Finally, taking into account the half chances for the mass ordering, one arrives to the conclusion that the solution occupies roughly a portion that represents roughly 0.1% of the total accessible volume in parameter space. This gives an approximated estimation of the statistical significance that a positive test of the solution would have, i.e. it gives an estimation of the probability that the allowed region corresponding to the solution can be centred by the experimental data just accidentally. , the right panels imposing η
However, this value of the 'success rate' is dominated by the large excluded region. For the found solution at m 1 20 meV the success rate would be much smaller, ∼ 10 −7 .
Imposing the current experimental ranges for the mixing angles ((cf. eqs. (33), (34) and (35))) this rate does not increase simply because, despite the fact that θ 12 and θ 13 fall in the allowed regions, the range for θ 23 eq. (35) is only marginally compatible. However, if future experimental data will find values θ 23 39
• , the success rate will interestingly increase by an order-of-magnitude. In this case one could say that indeed low energy neutrino data start to show some convergence around the solution. From this point of view a more precise experimental determination of the atmospheric mixing angle represents, in short terms, a crucial test of the solution.
Testing the solution
A very attractive feature of the solution is that the constraints on neutrino parameters that we have just discussed, summarised in Table 2 , can be fully tested. In the case of mixing parameters, even by low energy neutrino experiments that are either already taking data or scheduled. In this respect the large value found for θ 13 , is not only in agreement with the solution, but it is also a key ingredient that will make possible to determine the atmospheric mixing angle octant, the neutrino mass ordering and (of course) the Dirac phase during next years. The atmospheric mixing angle is already now favoured to be non-maximal, as discussed in Section 2. It is also encouraging that in [17] the best fit value is found to be θ 23 
38
• , quite well inside the allowed region (cf. Fig. 4 ). By combining T2K and NOνA data, such low values will be either determined within a ∼ 3σ C.L. range of 2 • , excluding the second octant, or otherwise be excluded at ∼ 3 σ [51, 52] . At the same time the fact that the solution favours the 'experimentally favourable combination' of NO and negative values of δ ∼ −π/5, makes also possible a ∼ 3σ determination of the ordering and of the sign of δ by a combination of T2K and NOνA results [51] .
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Cosmological observations are potentially able to determine a lightest neutrino mass in the range m 1 = (15 − 25) meV, corresponding to i m i ∼ (84 − 106) meV, improving the current upper bound eq. (8) . In this respect it is interesting that a combination of the Planck results on Sunyaev-Zeldovich cluster counts with Planck CMB results and BAO hints at non-vanishing neutrino masses i m i = (0.22 ± 0.09) eV [55] .
Notice that values of i m i ∼ 0.1 eV also correspond to inverted hierarchy (i.e. IO for m 1 → 0). From this point of view it is important that the mass ordering can be independently determined with neutrino oscillation experiments, able to disentangle our semi-hierarchical NO solution from an inverted hierarchical solution.
The allowed range for the 00νβ decay effective neutrino mass (cf. Table 2 ) is certainly the most challenging constraint to be tested. In the bottom right panel of Fig. 1 we have also over-imposed the general allowed regions in the plane m ee vs. m 1 from current experiments, both for NO and for IO. As one can see, the allowed region corresponding to the solution falls into a range of m ee that is also corresponding to the values expected for inverted hierarchy. These values are not accessible to current ongoing experiments, nor even to planned experiments such as SUPERNEMO, NEXT, Lucifer, MJD that will at most able to exclude values of m ee above 50 meV (for a recent discussion see [56] ). However, there is a great international effort for the study of new experiments able to test values in the range 10-20 meV, since these would exclude inverted hierarchy. Again, it is then important that the mass ordering can independently be determined by neutrino oscillation experiments able to distinguish our NO semi-hierarchical solution from inverted hierarchy.
If both m 1 and m ee will be measured with sufficient precision, a comparison will provide an additional test of our solution that predicts m ee 0.8 m 1 , due to the particular values of the Majorana phases. 13 In the bottom right panel of Fig. 1 , the region between the black lines is the allowed region from low energy neutrino experiments (no leptogenesis) for NO (lower region) and IO (higher region). For NO the ratio m ee /m 1 can, in general, be in the range m ee /m 1 0.3 − 1 (corresponding analytically to cos 2θ 12 cos 2 θ 13 − sin 2 θ 13 ≤ m ee /m 1 ≤ 1 [57] ). Therefore, a result m ee 0.8 m 1 15 meV, would further very strongly support the solution. Notice that a determination of both m 1 and m ee would still not be able to fully determine the two Majorana phases. This would provide ideally an even stronger test of the solution making quite precise predictions on both. However, even if we still miss a way to fully determine the Majorana phases, in case of a multiple agreement of all low energy neutrino experiments with the presented constraints, the probability that this is just accidental would be really low (as discussed ∼ 0.1% if one considers both regions together, or even just ∼ 10 −7 if one only considers the discussed solution compatible with current neutrino oscillation data), quite an interesting feature of the solution prospectively. Figure 7 : Results of the same scatter plots as in Fig. 1 for the six parameters in the unitary matrix V L .
An exploded view of the solution
In this section we discuss some important aspects of the solution.
Constraints on the parameters in the RH neutrino mixing matrix V L
We have so far focused on the constraints on the low energy neutrino parameters that can be tested in experiments. However, the solution is also determined by the 6 parameters in the matrix V L . Indeed the first of the working assumption defining SO(10)-inspired models, I ≤ V L ≤ V CKM does not completely fix V L but allows some variation within a restricted range. In Fig. 7 we show the constraints on the six parameters in the V L . As one can see from the central panel, the points distribute quite uniformly for θ The points also seem to distribute uniformly in δ L that, therefore, is not constrained even when the strong thermal condition is added. On the other hand, as it can be seen in the right panel of Fig. 7 , the solution favours values of the Majorana-like phases in a region around (σ L , ρ L ) (π, 0). • , θ 12 = 34
A benchmark point
In this subsection we show in Fig. 8 Fig. 2 for a specific set of values of the parameters. As for the type τ A solution, there is a sharp dip for K 1τ around a particular value of m 1 such that K 1τ 1 and in coincidence K 1µ 1. However, while for the type τ A solution one could not respect the condition K 1e 1 at the dip, now one can see that this is realised as in type τ B , so that now one has simultaneously K 1e 1 and K 1µ
1. Another important hybrid feature is that now, as for type τ B , one has K 2τ ∼ 10 instead of K 2τ ∼ 1000 as for the type τ A . This minimises the wash-out of the asymmetry produced by N 2 decays still allowing a wash-out of the pre-existing tauon asymmetry and makes possible to fulfil jointly successful leptogenesis and strong thermal condition.
These are the main features of the solution that can be realised, in particular, only if m 1 20 meV and θ 23 41 • . Notice that a value N p,i B−L = O(0.1) represents basically the maximum value of the pre-existing asymmetry that can be washed-out respecting simultaneously the successful leptogenesis bound. The main reason is that K 2τ has to be necessarily much larger than 1 and this necessarily introduces a wash-out at the production. For values N p,i B−L 0.1 the value of K 2τ for the wash-out of the pre-existing asymmetry becomes so large that the asymmetry produced by N 2 decays is too strongly washed-out to reproduce the observed asymmetry.
Stability of the solution
The solution has been determined fixing some parameters and it is then important to discuss whether a variation of these parameters can significantly change the constraints. We have already shown and discussed the dependence on the initial value of the preexisting asymmetry N p,i B−L . The plots in Fig. 1 have been obtained for (α 1 , α 2 , α 3 ) = (1, 5, 1). We verified that indeed there is no dependence of the constraints on α 1 and α 3 as discussed. A value α 2 = 5 should be considered close to the maximum within SO(10)-inspired models. We have also determined which would be the minimum value of α 2 for the existence of a solution satisfying the strong thermal condition, finding α 2 4 for N Fig. 1 , redetermining separately the constraints for 10 ≥ M 3 /M 2 ≥ 2 finding no new solutions for successful strong thermal leptogenesis.
14 We have found a new different marginal solution only at m 1 0.3 eV, incompatible with the cosmological bounds. This means that our analysis does not exclude the existence of solutions with quasi-degenerate RH 14 We adopted the hierarchical limit for the calculation of the asymmetry. In this limit the wash-out of N 3 on the asymmetry produced by the N 2 is neglected. This would start to produce some effect only for
neutrino masses. However, it should be stressed that the strong thermal condition that we have imposed on the relic value of the pre-existing asymmetry (cf. (eq. 47)) is valid only in the hierarchical case. An analysis of the wash-out of a pre-existing asymmetry for quasi-degenerate RH neutrino masses is still missing. In any case it is important to notice that these possible new solutions would in case correspond to different constraints on the low energy neutrino parameters and would be, therefore, experimentally distinguishable from our solution.
Theoretical uncertainties
Let us now briefly comment on the approximations that we made in the calculation of the asymmetry and on the kind of corrections one could expect removing them.
We are not solving density matrix equations. When we do not impose the strong thermal condition (the yellow points), these can be important when 12 GeV, since the strong thermal condition can be satisfied only if the N 2 wash-out occurs in the two-flavour regime. This is the reason why the allowed regions satisfying the strong thermal conditions sharply cut above M 2 = 10 12 GeV . A calculation from a solution of the density matrix equation would then just simply smoothly describe the transition but this would not significantly affect the results found on the constraints on the low energy neutrino parameters since the bulk of points are found for M 2 3×10
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GeV.
We are neglecting phantom terms [42] . These can affect the SO(10)-inspired solutions (the yellow points) but not certainly the strong thermal SO(10)-inspired solution since phantom terms can only be present in the electron and muon asymmetries that are fully washed-out, while the final asymmetry is strictly tauon dominated.
We are neglecting the running of neutrino parameters from the high energy scales to low energies. However, since our solution is semi-hierarchical and NO, the running is negligible for all practical purposes [43] . For the atmospheric mixing angle, the only parameter for which it could be potentially relevant to calculate the running, since we have found compatibility only with the lowest allowed experimental values, the running is at most about 0.01
• from M 2 ∼ 10 11 GeV to low energies, a variation that clearly is 37 completely negligible for any practical purpose. A potential important correction is flavour coupling [42] . This can have two effects: it can alter the asymmetry at the production, usually this goes in the direction of increasing the asymmetry, and it could make the conditions for strong thermal leptogenesis tighter. The two effects would tend even to cancel with each other. Notice, however, that the flavour coupling would disappear in the limit K 1τ /(K 1e + K 1µ ) → 0, since this would correspond to a case where the tauon flavour decouples. However, this is exactly the case realised in the solution and, therefore, again, we do not expect great effects from flavour coupling at the lightest RH neutrino wash-out. The only effect might be a small enhancement of the asymmetry at the production that could slightly relax the constraints. The atmospheric neutrino mixing angle upper bound is the most sensitive constraint to corrections and, therefore, this might motivate an account of flavour coupling.
An account of momentum dependence also does not produce significant corrections since this can alter the lightest RH neutrino wash-out only for K 1α
1 [59] , while in our case the production occurs in the tauon flavour and K 1τ 1.
In conclusion we cannot envisage sources of significant corrections, though an account of flavour coupling might be justified by a precise determination of the upper bound on the atmospheric mixing angle in connections with future experimental results.
The orthogonal and the RH neutrino mixing matrices
It is also interesting to discuss the form of the RH neutrino mixing matrix U R and of the orthogonal matrix Ω corresponding to the solution. For the set of values of the parameters corresponding to the benchmark point discussed in 6.2, in particular (α 1 , α 2 , α 3 ) = (1, 5, 1), and for m 1 = 20 meV, the resulting RH neutrino mixing matrix U R is given by 
Contrarily to the final asymmetry and to the K iα , the U R depends not only on α 2 but also on α 1 and α 3 in a way that off-diagonal terms tend to be damped for a higher hierarchy. 
showing that the 23 off-diagonal entries decreased while the 12 increased and the 13 stayed constant. A more drastic enhancement of the, for example, 23 off-diagonal terms is obtained lowering α 3 to α 3 = 0.05 obtaining (α 1 = 1, α 2 = 5) 
These three examples show how there is a flexibility in the choice of α 1 and α 3 that can potentially be useful in order to minimise the fine tuning to obtain a softly semihierarchical light neutrino mass spectrum (m 3 /m 2 3, m 2 m 1 ) from highly hierarchical neutrino Yukawa couplings [60] .
On the other hand the orthogonal matrix Ω is very slightly dependent on (α 1 , α 2 , α 3 ). This can be calculated from [24] 
The very slight dependence of the orthogonal matrix on α 1 and α 3 is consistent with the independence of the K iα of α 1 and α 3 and, consequently, combined with the independence of ε 2τ of α 1 and α 3 [33] , of the the constraints on the low energy neutrino parameters we obtained as well. This kind of orthogonal matrix (cf. eq. (53)) shows that there are no fine-tuned cancellations in the see-saw formula. However, each light neutrino mass m i receives contribution from all three terms ∝ 1/M j , not just from one as in the case of an orthogonal matrix close to the identity or to one of the other five forms obtained from the identity permuting rows and columns [22] , so called form dominance models [61] .
Remarks on future developments
We comment on two aspects that will be discussed in detail in future works [62] . First, analytic insight into the results obtained from the scatter plots would be certainly desirable requiring a dedicated analysis. Second, our analysis does not specify the confidence level of the constraints on the different low energy neutrino parameters. This requires a full determination of the probability distribution functions for the different parameters. This will also be discussed in a future work. Here we just want to notice that these distribution functions are highly non-trivial to determine since even though one starts, as input, from simple gaussian experimental ranges, the complicated dependence of the asymmetry on the parameters makes in a way that the successful leptogenesis bound and the strong thermal condition produce, as output, quite complicated distributions functions to be determined with a statistical procedure. 15 For example the difference in the upper bounds on θ 23 in Fig. 1 and in Fig. 4 is an indication of a different C.L., since they are determined with two data sets with a substantial different number of points. Consider the case of an initial pre-existing abundance N p,i B−L = 0.1. In the first case a number of about two thousands red points was obtained to saturate the bound θ 23 
41
• , given that the initial ranges for the uniform scan on the low energy neutrino parameters are fixed. The C.L. on this bound corresponds roughly to 99.95%. In the second case the number of red points is much lower, about three hundreds and the upper bound, θ 23 40
• , does not saturate the maximum value. The C.L. in this case corresponds roughly to 99.7%. This implies that a future experimental result θ 23 
40
• would strongly disfavour the solution. A precise determination of θ 23 will be, therefore, a crucial test for the solution.
Final discussion
We presented a novel solution to the problem of the initial conditions in leptogenesis within SO(10)-inspired models. It is particularly interesting that this yields definite constraints on all low energy neutrino parameters, sharp enough to have, all together, quite a strong predictive power. It is encouraging that the solution requires a non-vanishing value of the reactor mixing angle in agreement with the measured range. This should be considered in addition to the well known leptogenesis conspiracy for which the solar and atmospheric neutrino mass scales are just about ten times higher than the equilibrium neutrino mass m ∼ 10 −3 eV, in a way that the decay parameters tend to be K iα = O(1 − 10), a key feature for the realisation of the strong thermal condition in the flavoured N 2 -dominated scenario. However, the full set of constraints on neutrino parameters from the strong thermal SO(10)-inspired solution is still far to be fully tested. As we discussed, it is distinctive enough that it can be regarded as a signature of the solution, hard to be mimicked or to agree just accidentally with the experimental data. It clearly predicts NO neutrino masses, atmospheric mixing angle well in the first octant and it strongly favours a negative Dirac phase, around δ ∼ −π/5. Indeed these features should all be tested during next years by neutrino oscillation experiments. At the same time the absolute neutrino mass scale predictions, m ee 0.8 m 1 15 meV, also provide quite a definite feature that should be tested with cosmological observations and (ultimately with) 00νβ decay experiments. It will be exciting to see whether future experimental data will further support the presented solution or rule it out. In any case this provides an example of a motivated falsifiable minimal high energy scale leptogenesis scenario.
